7
GpppNmNm) structures, respectively (13) . Both N-7 and 2Ј-O MTases use S-adenosyl-L-methionine (SAM) as a methyl donor and generate S-adenosyl-L-homocysteine (SAH) as a by-product. The order of capping and methylation varies among cellular and viral RNAs (13) .
The genus Flavivirus comprises approximately 70 viruses, many of which are important human pathogens, including four serotypes of dengue virus (DENV), yellow fever virus (YFV), St. Louis encephalitis virus, and West Nile virus (WNV) (23) . The flavivirus genome is a single-stranded RNA of positive (i.e., mRNA sense) polarity. The 5Ј end of the genome contains a type 1 cap followed by a conserved dinucleotide sequence 5Ј-AG-3Ј (7, 41) . The single open reading frame of the flavivirus genome encodes a polyprotein, which is processed by viral and cellular proteases into three structural proteins and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (23) . Of the four enzymes required for synthesis of flavivirus m 7 GpppAm cap structure, the RNA triphosphatase and 2Ј-O MTase have been, respectively, mapped to NS3 (20, 42) and NS5 (9) . We recently showed that WNV NS5 carries both guanine N-7 and ribose 2Ј-O MTase activities (34) . The guanylyltransferase for flavivirus capping remains elusive.
Flavivirus NS5 consists of an N-terminal MTase and a Cterminal RNA-dependent-RNA polymerase (RdRp) domain (1, 16, 28) . The structure of DENV-2 MTase suggests that flavivirus NS5 MTase belongs to a family of SAM-dependent MTases (9) . Most of the MTases within this family, including both N-7 and 2Ј-O RNA MTases such as Encephalitozoon cuniculi (Ecm1) N-7 MTase and vaccinia virus 2Ј-O MTase VP39 (10, 18) , share a common core structure referred to as a "SAM-dependent MTase fold," composed of an open ␣/␤/␣ sandwich structure (11, 24) . Structure and sequence comparisons of the 2Ј-O MTases suggest that a conserved K-D-K-E tetrad forms the active site for the 2Ј-O methyl transfer reaction (9) . Using Ala substitution, we recently showed that all residues within the K 61 -D 146 -K 182 -E 218 tetrad of the WNV MTase are essential for 2Ј-O methylation activity, whereas D 146 is more critical than the other three residues for N-7 methylation. In addition, we found that methylations of guanine N-7 and ribose 2Ј-O of the WNV cap structure are sequential, with N-7 preceding 2Ј-O methylation (34) . The WNV MTase represents a unique system to study how a single enzyme catalyzes two distinct cap methylations.
Here we report that, similar to the WNV, MTases from other flaviviruses also sequentially methylate viral RNA cap at guanine N-7 and ribose 2Ј-O positions, indicating that it is a general mechanism for flaviviruses to encode the NS5 MTase with dual methylation activities for an efficient synthesis of the viral RNA cap. By contrast, the crystal structure of the WNV MTase in complex with SAH shows only a single SAM-binding site. Thus, the 5Ј cap of flavivirus RNA must evidently be repositioned to accept two methyl groups from SAM during methylations. Biochemical and mutagenesis analyses suggest that the WNV MTase methylates the N-7 and 2Ј-O positions using two distinct mechanisms. In the context of full-length WNV, a mutation (D 146 A) defective in both the N-7 and 2Ј-O methylations is lethal to the virus. Mutant viruses inactive for 2Ј-O but not N-7 methylation (K 61 A, K 182 A, or E 218 A) are attenuated in cell culture and in mice and can be used to protect mice from challenge with wild-type WNV.
MATERIALS AND METHODS

Cloning, expression, and purification of WNV, DENV-1, and YFV MTases.
The WNV MTase domain containing the N-terminal 300 amino acids of NS5 was prepared for crystallization and enzyme assays (34) . A QuikChange II XL sitedirected mutagenesis kit (Stratagene) was used to engineer mutations into the K 61 -D 146 -K 182 -E 218 motif of the WNV MTase. DNA fragments representing the N-terminal 262 and 264 amino acids of DENV-1 and YFV NS5, respectively, were PCR-amplified from a DENV-1 replicon cDNA (33) and a YFV infectious cDNA clone (3) and cloned into plasmid pET26b(ϩ) (Novagen) at NdeI and XhoI sites. The DENV-1 and YFV MTases containing a C-terminal His 6 tag were expressed and purified through a Ni-nitrilotriacetic acid column followed by a gel filtration 16/60 Superdex column (Amersham). Briefly, Escherichia coli strain Rosetta 2(DE3)pLysS (Novagen) bearing the expression plasmid was grown at 37°C to 0.8 absorbance optical density at 600 nm (OD 600 ), induced with 0.5-mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 15°C for 12 h, and harvested by centrifugation. Cell pellets were resuspended and sonicated in a lysis buffer containing 20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, and 5 mM ␤-mercaptoethanol. After centrifugation, the lysate supernatant was applied to a Ninitrilotriacetic acid column, washed with the lysis buffer supplemented with 20 mM imidazole, and eluted with lysis buffer containing 300 mM imidazole. The proteins were then concentrated and subjected to size exclusion chromatography by a gel filtration 16/60 Superdex column (Amersham). For crystallization, the purified WNV MTase was concentrated to 5 to 10 mg/ml in a buffer composed of 10 mM HEPES, pH 7.5, 0.5 M NaCl, and 5 mM dithiothreitol (DTT).
Crystallization, X-ray data collection, and structure determination and refinement. Crystals of the WNV MTase domain were grown at room temperature in hanging drops, by mixing 2 l of protein solution with an equal volume of reservoir solution containing 13 to 15% polyethylene glycol 4000, 5% isopropanol, and 0.1 M sodium citrate, pH 5.6. Crystals appeared within a week and grew to maximal size in a month.
The crystals belong to space group P1. Prior to data collection, all crystals were transferred to a reservoir solution containing 25% glycerol, and then flashedcooled under a nitrogen stream at 100 K, and stored in liquid nitrogen. Diffraction data were collected at 100 K at a beam line X4A of the national synchrotron light source (Brookhaven National Laboratory). All of the data were processed and scaled using HKL2000 (30) .
With the structure of the DENV MTase (PDB code 1L9K) used as a search model, clear solutions were found using AmoRe (26) . Structural refinement was carried out using Crystallography & NMR System (5). Noncrystallographic symmetry restraints were applied to the main chain atoms throughout the refinement. At 2.8-Å resolution, the final R cryst is 25.8%, with an R free of 33.3% (Table 1) .
Atomic coordinates have been deposited in the Protein Data Bank as entry 2OY0.
RNA cap methylation assays. Vaccinia virus capping enzyme (Ambion) was used to prepare 32 P-labeled RNA substrates, G*pppA-and m 7 G*pppA-RNA (representing the 5Ј-terminal 190 nucleotides of the WNV genome; an asterisk indicates that the following phosphate is 32 P labeled) for the N-7 and 2Ј-O methylation assays, respectively. Since the optimal pH values for the N-7 and 2Ј-O methylation are at 7 and 10 (see details in Fig. 3) , respectively, the N-7 methylation was performed in 50 mM Tris, pH 7.0, 50 mM NaCl, and 2 mM DTT at 22°C for 5 or 30 min as indicated; the 2Ј-O methylation was incubated in 50 mM glycine, pH 10, and 2 mM DTT at 22°C for 1 h. The other components of the reaction mixtures were identical to those previously described (34) . Time course experiments for YFV and DENV-1 MTase (see Fig. 2E ) were performed in the 2Ј-O methylation buffer because this buffer could support both N-7 and 2Ј-O methylations, whereas the N-7 methylation buffer could barely support the 2Ј-O methylation. Control m 7 G*pppAm-RNA was prepared by incubating the vaccinia virus VP39 protein in a 20-l reaction mixture (50 mM Tris-HCl pH 8.0, 5 mM DTT, 10 M SAM, 15,000 cpm of m 7 G*pppA-RNA, and 30 pmol of recombinant VP39) for 1 h at 37°C. The methylation reaction mixtures were digested with nuclease P1 or tobacco acid pyrophosphatase (TAP) and analyzed on polyethyleneimine cellulose thin-layer chromatograph (TLC) plates (JT Baker) (34) .
Construction of mutant WNV cDNA. Mutant cDNA plasmids of full-length WNV were constructed using a modified infectious cDNA clone pFLWNV (38) and a shuttle vector. The shuttle vector was created by digestion of the pFLWNV plasmid with restriction enzymes KpnI and XbaI, followed by ligation of the resulting 3.2-kb fragment (representing nucleotide position 7762 to the 3Ј end of the genome; GenBank no. AF404756) into the predigested pcDNA3.1 (ϩ) vector. For each K-D-K-E mutant, the specific mutation was first introduced into the shuttle vector using an overlapping PCR-mediated mutagenesis. The mutations in the shuttle vectors were confirmed by DNA sequencing. The mutated DNA fragments from the shuttle vectors were then swapped into the pFLWNV through unique restriction enzymes SpeI and XbaI (representing nucleotide (37) . After transfection, viral protein synthesis was monitored by immunofluorescence assay (IFA) using the WNV-immune mouse ascites fluid (American Type Culture Collection) and goat anti-mouse immunoglobulin G conjugated with Texas Red as the respective primary and secondary antibodies (38) . For viral RNA quantification, the transfected cells were thoroughly washed with phosphate-buffered saline twice. Total cellular RNA was extracted using RNeasy kits (QIAGEN) and quantified with a NanoDrop spectrophotometer. Equal amounts of extracted RNA (100 ng) were measured for viral RNA by real-time reverse transcription (RT)-PCR (7500 RT-PCR system; Applied Biosystems) using a primer/probe set targeting the NS5 gene (36) . Full-length RNA transcribed from an infectious cDNA clone of WNV (38) was used as a reference for quantification of the real-time RT-PCR.
Specific infectivity assay and virus growth kinetics. For specific infectivity assays, BHK cells were electroporated with wild-type and mutant genome-length RNAs. The transfected cells were adjusted to 1.0 ϫ 10 7 cells per ml of culture medium. One milliliter each of a series of 1:10 dilutions of the transfected cells was seeded onto nearly confluent Vero cells (6 ϫ 10 5 cells per well were seeded in a six-well plate 3 days in advance). The seeded cells were allowed to attach to the plates for 7 to 10 h before the first layer of agar was added (31) . A second layer containing neutral red was added after incubation of the plates for 2 days. Plaques were counted at 12 to 18 h after addition of the second layer of agar. The specific infectivity was calculated as the number of PFU per microgram of transfected RNA. For viral growth curves, Vero and C6/36 cells grown in 12-well plates were infected with WNV (0.1 multiplicity of infection [MOI]). After 1 h incubation, the virus inocula were removed. The cells were washed twice with phosphate-buffered saline and cultured with 1 ml of fresh medium per well. The culture medium was collected at indicated time points, stored at Ϫ80°C, and then assayed for virus titers using standard plaque assays on Vero cells (33) .
In vivo virulence analysis in mice. Six-to seven-week-old, female C3H/HeN (C3H) mice (Taconic) were inoculated subcutaneously (s.c.) in the left rear footpad with a 10-l inoculum, using a 30-gauge needle and 100-l glass syringe (Hamilton, Reno, NV). Four mice were inoculated with diluent alone, and eight mice per group were inoculated with 10, 10 3 , or 10 5 PFU of wild-type, mutant K 61 A, or mutant K 182 A WNV. All mice were observed for clinical disease daily for the entire study and weighed daily for at least 14 days postinoculation and then three times weekly for the duration of the study. Clinical signs included ruffled fur, ataxia, weakness, and weight loss. Morbidity was defined as clinical signs for at least 2 days and/or greater than 9% weight loss. Mice that exhibited severe disease were euthanized. On day 28 postinoculation, surviving mice were bled, and sera were tested for WNV-specific antibodies by enzyme-linked immunosorbent assay (32) . On day 34 after the initial inoculation, surviving mice were challenged by intraperitoneal inoculation with 10 6 PFU of wild-type WNV in 100 l, using a 25-gauge needle and 1-ml syringe. Mice were monitored as described above for 28 days postchallenge. All studies were approved by the Institutional Animal Care and Use Committee of the Wadsworth Center and followed criteria established by the National Institutes of Health. Survival curves were analyzed with a Logrank test using GraphPad Prism (GraphPad Software, Inc.). A chi-squared test (Microsoft Office Excel) was used to compare morbidity data.
RESULTS
Crystal structure of the WNV MTase. We recently showed that the WNV MTase carries both guanine N-7 and ribose 2Ј-O MTase activities (34) . However, no N-7 MTase activity was detected for the DENV-2 MTase in a previous study (9) . To exclude the possibility that the discrepancy results from structural differences between the two flavivirus MTases, we have crystallized the WNV NS5 MTase domain (amino acids [aa] 1 to 300). The crystal structure was determined to 2.8-Å resolution using the molecular replacement method ( Fig. 1A and Table 1 ). The electron density maps were of good quality (Fig. 1B) . The WNV NS5 MTase forms homodimers in the crystals. In the final model, each chain of the homodimer contains 262 residues (aa 6 to 267) and one SAH molecule.
The SAH molecule could have originated from E. coli and copurified with the WNV MTase, since no SAH was added during any step of the protein purification or crystallization. Similar observations have been reported for many SAM-dependent MTases, including the DENV-2 MTase (9). In addition to the SAH, 256 water molecules were included in the final model. No density was observed for the N-terminal residues 1 to 5, the C-terminal residues 268 to 300, and the His tag (fused to the N terminus of the MTase), presumably due to disorder. Similar disorder has also been found in the crystal structure of the DENV-2 MTase, in which the C-terminal 29 residues were missing from the structure (9) .
Structure comparison of the WNV and DENV-2 MTases. The core of the WNV MTase domain displays a structural fold shared by nearly all SAM-dependent MTases (Fig. 1A) . The WNV MTase contains 8 ␣-helices and 12 ␤-strands that are organized into three domains: the N-terminal domain, the core domain, and the C-terminal domain. The overall structure of the WNV MTase is similar to that of the DENV-2 MTase (9), with a root-mean-squared deviation (rmsd) of 0.62 Å (Fig. 1C) . In addition, SAH, the by-product of the methyl transfer reaction, binds into similar pockets of the two enzymes, indicating that the two enzymes have similar SAM-binding sites ( Fig. 1C to E).
Between the two structures, four regions, residues 36 to 51, 107 to 110, 173 to 177, and 245 to 252, showed the greatest structural differences, with rmsd values of 1.8 Å, 1.2 Å, 2.1 Å, and 1.9 Å, respectively (Fig. 1C) . Three of the four structure differences are, at least in part, due to a one-residue insertion at each of positions 51, 173, and 251 for the WNV MTase, compared to the DENV-2 MTase (see sequence alignment in Fig. 2A) . In contrast, all residues are identical at loop 107 to 110 in the two proteins. Loop 173 to 177 is located at the surface opposite to that of the SAM-binding site, while loop 245 to 252 is far from the SAM donor site and is structurally hindered from access to the SAM site by the helix ␣2 (Fig. 1C) . Therefore, the structural differences in these two regions may not be of significance to the biological functions of the MTases.
In contrast to the loops formed by aa 173 to 177 and 245 to 252, residues 36 to 51 form the helix ␣3 and a short loop (Fig.  1C) . These residues do not contact the SAH. However, they could participate in binding of the RNA substrate, since they are at the edge of the potential RNA binding pocket (see below). Loop 107 to 110 is lined at one side of the adenosine base of the bound SAH. As a consequence, the ND1 atom of His-110 of the WNV MTase forms a hydrogen bond with the ribose 2Ј-OH of the SAH molecule (Fig. 1B) , whereas the His-110 in the DENV-2 MTase structure does not. Interestingly, although the SAH-contacting residues are essentially identical in the WNV and DENV-2 MTases, the SAH binds to the two enzymes in slightly different conformations. Indeed, with only a 0.2-Å difference at the C␣ positions of the SAH molecules in the two structures,the rmsd for the adenosine bases in the two structures is about 0.83 Å. The adenosine base of the SAH molecule in the WNV MTase structure does not bind as deeply as does that in the DENV-2 structure. Nevertheless, structure differences at the SAH-binding site lead to different surface appearance for the two proteins. We noted that the WNV MTase has an enclosed SAM-binding site, whereas the SAM-binding site in the DENV-2 MTase is much more open (Fig. 1D and E) . The structure differences at this region between the two MTases are, at least in part, due to the conformation differences of residues H110 and E149 that are lined at opposite sites along the bound SAH. Alternatively, The DENV-2 MTase structure contains a novel GTP-binding site (occupied by ribavirin in Fig. 1C and E) , which was suggested to be a cap-binding site (9) . Surface comparison showed that the putative cap recognition site in WNV is much more open than that in DENV-2 ( Fig. 1D and E) . Despite the structural differences, a common feature of the two enzymes is a highly positively charged surface adjacent to the SAM and GTP binding sites but not in other regions ( Fig. 1D and E) . Fig. 2A and 2B ). For detection of N-7 methylation, we incubated capped RNA substrate, G*pppA-RNA (the asterisk indicates that the following phosphate is 32 P labeled), representing the 5Ј-terminal 190 nucleotides of the WNV genome, with each of the YFV, DENV-1, and WNV MTases in the presence of SAM. The reaction products were digested by TAP to release m 7 G*p (product) and G*p (substrate). TLC analysis of the reactions showed that the WNV, DENV-1, and YFV MTases could convert G*pppA-RNA to m 7 G*pppA-RNA (Fig. 2C) . For detection of 2Ј-O methylation, substrate m 7 G*pppA-RNA was methylated by the recombinant flavivirus MTases and cleaved by nuclease P1 to release m 7 G*pppAm (product) and m 7 G*pppA (substrate). The results showed that, similar to VP39 (a known guanine N-7-dependent 2Ј-O MTase as a positive control) (18) , YFV, DENV-1, and WNV MTases could methylate m 7 G*pppA-RNA to m 7 G*pppAm-RNA (Fig. 2D ). Kinetic analyses were performed on substrate G*pppA-RNA to examine the order of cap methylations mediated by the DENV-1 (Fig. 2E, left panel) and YFV (Fig. 2E , right panel) MTases. For both enzymes, m 7 G*pppA was first detected at 1 min, reached a maximum at 5 to 15 min, and gradually declined at later time points. Concurrently, the double-methylated m 7 G*pppAm was first detected at 15 min and increased until 60 min. The kinetics of the methylation pattern derived from the DENV-1 and YFV MTases was similar to that derived from the WNV MTase (34). These results suggest that flavivirus NS5 functions similarly to methylate both N-7 and 2Ј-O positions of the cap structure, in the order of GpppA 3 m (Fig. 3 ). Both activities reached maximums when performed at 22°C, whereas the optimal pH and concentrations of MgCl 2 and NaCl differed. The N-7 methylation required neutral pH 7.0 and 50 to 100 mM NaCl; MgCl 2 inhibited the activity. In contrast, the 2Ј-O methylation required high pH 10 and 5 to 10 mM MgCl 2 ; NaCl inhibited the activity. Similar results were obtained for the DENV-1 and YFV MTase (data not shown). These data demonstrate that optimal N-7 and 2Ј-O methylations of flavivirus cap require distinct biochemical conditions. (17, 18) . Structural alignment of the WNV MTase with the VP39 tertiary complex (MTase, short RNA with cap, and SAH) (18) showed that the K-D-K-E tetrad is nearly superimposable between the two enzymes (Fig. 4A) . We mutated the K 61 -D 146 -K 182 -E 218 motif of the WNV MTase to determine the elements required for the N-7 and 2Ј-O methylations. Each amino acid was mutated to a residue having an electronic charge either similar to or different from that of the wild type. Analysis of the mutant MTases showed that all substitution within the K 61 -D 146 -K 182 -E 218 motif abolished the 2Ј-O methylation (Fig.  4B ). An increase in enzyme amount or incubation time did not improve the 2Ј-O activity (data not shown). In contrast, mutations of the tetrad residues exhibited different effects on N-7 methylation (Fig. 4C) . In 5-min reactions, mutations of D 146 showed the most dramatic effects on N-7 activity: all three mutants (D 146 A, D 146 N, and D 146 K) were inert in N-7 methylation (Fig. 4C) . Mutations of K 182 had less severe effects on N-7 methylation: K 182 E, K 182 N, and K 182 A showed 67%, 57%, and 42% of the wild-type activity level, respectively. For residue K 61 , no N-7 methylation was detected for mutant K 61 E, whereas the N-7 activities of mutants K 61 R and K 61 A were reduced to 87% and 70% of the wild-type, respectively. For amino acid E 218 , mutants E 218 K, 7 G*pppA-RNA and were incubated for 5 and 60 min, respectively. The optimal conditions were determined by individually titrating pH (A), temperature (B), MgCl 2 (C), and NaCl (D), while keeping the other three parameters constant at the optimal levels. The reaction mixtures were then treated with nuclease P1, analyzed on TLC plates, and quantified by PhosphorImager analysis. For each parameter, relative activities were presented using the optimal level as 100%. Average results from two independent experiments are shown.
Differential roles of the K-D-K-E motif in N-7 and 2-O MTase activities. A K-D-K-E motif conserved among various 2Ј-O MTases was suggested to catalyze an S N 2-reactionmediated 2Ј-O methyl transfer
RNA replication, protein synthesis, and virus production in cells transfected with genome-length RNAs with K-D-K-E mutations.
To examine the biological relevance of the above mutagenesis results, we performed Ala substitutions of the MTase K 61 -D 146 -K 182 -E 218 tetrad in an infectious cDNA clone of WNV (38) . A number of parameters were used to compare the replication efficiency between the wild-type and mutant RNAs. Initially, we measured the specific infectivity of the genomelength RNAs. After transfection into BHK cells (day 3 to 4 posttransfection [p.t.]), mutant K 61 A, K 182 A, E 218 A, and wildtype RNAs showed specific infectivity values of 3.4 ϫ 10 3 , 1.3 ϫ 10 3 , 6.1 ϫ 10 3 , and 5.9 ϫ 10 4 PFU per microgram of transfected RNA, respectively (Fig. 5A) . The specific infectivity values for mutant K 61 A, K 182 A, and E 218 A RNA were 17-, 45-, and 10-fold lower than that of the wild-type RNA, respectively. No PFU was detected in the specific infectivity assay for mutant D 146 A RNA.
RNA and protein syntheses, as well as virion production, were compared for cells transfected with the wild-type and mutant RNAs. After transfection of BHK cells with equal amounts of RNA, similar levels of viral RNA were detected up to 18 h p.t. using real-time RT-PCR. From 26 to 40 h p.t., the amounts of wild-type and mutant K 61 A and E 218 A RNAs increased substantially and the level of mutant K 182 A RNA remained low, whereas the level of D 146 RNA decreased dramatically (Fig. 5B) . For viral protein synthesis, IFAs showed that IFA-positive cells transfected with the wild-type RNA appeared earlier than did those transfected with the mutant RNAs, with the following order of appearance: wild-type, E 218 A, K 61 A, and K 182 A (Fig. 5C) . No IFA-positive cells were detected in cells transfected with the D 146 RNA up to 72 h p.t., the latest time point tested (Fig. 5C) . Concurrently, cells transfected with wild-type and mutant RNAs began to secrete viruses at different time points p.t.: 13 h for wild type and E 218 A (no virus was detected at 8 h p.t.), 18 h for K 61 A, and 26 h for K 182 A (Fig. 5D ). No infectious virus was detected from the D 146 A RNA-transfected cells, up to 40 h p.t. (Fig. 5D ). The results demonstrate that full-length RNAs containing the K 61 -D 146 -K 182 -E 218 mutations are attenuated or defective in production of infectious viruses.
Characterization of K-D-K-E mutant WNV in cell culture. Mutant viruses recovered from the transfected cells exhibited plaque sizes smaller than that of the wild-type WNV (Fig. 6A,  upper panel) . The relative plaque size among the wild-type and mutant viruses correlated well with the reduction in specific infectivity (compare Fig. 6A and 5A ). Continuous culturing of the D 146 A RNA-transfected cells began to produce detectable virus on day 8 p.t.; the recovered viruses displayed a plaque size similar to that of the wild-type virus (Fig. 6A) . Sequencing of the recovered viruses showed a reversion of the mutated D 146 A to the wild-type D residue, whereas mutant K 61 A, K 182 A, and E 218 A viruses retained the engineered changes (Fig. 6A, lower  panels) and the small-plaque morphology, even after four passages of the viruses in Vero cells for over 12 days (data not (Fig. 6B) . At 48 h p.i. and later, titers of the mutant viruses were similar to or slightly higher than that of the wild-type virus. In C3/36 cells, mutant viruses produced lower viral titers than did the wild-type virus at all tested time points (Fig. 6C ). Since the D 146 A RNA-derived virus had reverted to the wild type, the growth curve of the revertant virus has not been included in Fig. 6B and 6C . Overall, the results demonstrate that within the K-D-K-E motif, residues K 61 , K 182 , and E 218 are important, but not essential, for the WNV reproduction, whereas residue D 146 is essential for the viral life cycle in cell culture.
A D 146 E mutation of the K-D-K-E motif supports the WNV replication and the N-7 methylation. The essential role of D 146 of the WNV MTase in the viral life cycle prompted us to ask whether viral isolates containing an amino acid other than D at position 146 of the MTase could be selected in cell culture. We reasoned that the quick reversion of the mutated D 146 A to its wild-type D 146 described above was due to a single nucleotide change from GAC (Asp) to GCC (mutated nucleotide underlined; Ala). To minimize such reversion, we prepared another genome-length RNA, D 146 A 2 , which contained a two-nucleotide change from GAC (Asp) to GCA (Ala). Transfection of the two-nucleotide mutant D 146 A 2 RNA into BHK cells yielded viruses. Viruses collected on day 5 p.t. showed homogenous small plaques (Fig. 7A, upper panel) . On day 9 p.t., the viral population exhibited a mixed-plaque phenotype: large plaques, similar to the plaques of wild-type virus, emerged from the background of small plaques. Sequencing of the viruses showed that the engineered GCA (Ala) had been changed to GAA (Glu) in the small-plaque virus, and the wild-type GAC (Asp) was recovered in the large-plaque virus (Fig. 7A) . No other mutations were found in the complete NS5 coding sequence (data not shown). These results showed a stepwise reversion of A3E3D at position 146 of the NS5 gene after the D 146 A 2 RNA was transfected into cells.
The stepwise reversion of MTase A 146 3E 146 3D 146 in virus indicated that amino acid E could functionally substitute for the essential D of the K-D-K-E motif. To test this hypothesis, we prepared recombinant D 146 E MTase (Fig. 7B) and assayed for the N-7 (Fig. 7C ) and 2Ј-O methylation activities (Fig. 7D) . Compared with the wild-type enzyme, the D 146 E mutant retained 33% of the N-7 activity (in a 5-min reaction) but completely lost the 2Ј-O methylation activity. The results suggest that amino acid E could replace D 146 to maintain the N-7 MTase activity and, consequently, support virus replication.
The K-D-K-E mutant viruses were attenuated and can protect mice from later challenge with wild-type WNV. We compared the virulence of the wild-type and MTase mutant WNV in an adult C3H mouse model, by inoculating 10, 10 3 , or 10 5 PFU s.c. We chose K 61 A and K 182 A mutant viruses in the mouse study because K 61 A and E 218 A mutant viruses replicated to a similar level, whereas the replication level of K182A mutant virus was more attenuated in cell culture (Fig. 5) . Table  2 shows the morbidity, mortality, average survival time, and infection rate. For the mutant viruses, no mortality was observed at any dose; morbidity was only observed for mice . In contrast, 88 to 100% morbidity and 50 to 100% mortality were observed for mice inoculated with the wild-type WNV. The differences in survival of mice inoculated with the mutant and wild-type viruses were statistically significant (survival analysis, P value Ͻ 0.05). All mice that were inoculated with wild-type or mutant viruses at 10 3 or 10 5 PFU were productively infected with WNV, as demonstrated by seroconversion. At the low dose of 10 PFU, the infection rate was similar for both wildtype and K 182 A mutant viruses (63 to 75%), but it was decreased for the K 61 A mutant (13%), suggesting that the K 61 A mutation is more detrimental to replication in vivo.
Surviving mice were challenged with 10 6 PFU of the wildtype WNV intraperitoneally. Remarkably, all mice that were seropositive after the initial inoculation exhibited no morbidity. In contrast, the control group (mice that were previously inoculated with diluent only) showed 100% morbidity and 50% mortality after challenge. Statistical analysis revealed that mice that were inoculated initially with 10 3 or 10 5 PFU of virus were significantly protected from the WNV-associated disease compared to the control group (chi-squared test, P value Ͻ 0.005). These results demonstrate that the K 61 A and K 182 A viruses are attenuated and that both mutant viruses protect mice from subsequent challenge with the wild-type WNV.
DISCUSSION
We previously found that the NS5 protein of the flavivirus WNV carries both guanine N-7 and ribose 2Ј-O MTase activities (34) . To investigate whether the N-7 and 2Ј-O activities are unique to the WNV NS5, we extended our studies to additional representative flaviviruses. We have demonstrated that the MTases of other representative flaviviruses, DENV-1 and YFV, similar to that of WNV, sequentially catalyze the guanine N-7 and ribose 2Ј-O methylations involved in formation of the viral RNA cap (Fig. 2) . Therefore, it is highly likely that flaviviruses encode the NS5 MTase as a general mechanism for dual methylations of the viral RNA cap.
The MTase domain from DENV-2 was previously reported to have only 2Ј-O, but not N-7, methylation activity (9) . The discrepancy was due to the use of different RNA substrates in the two studies; a nonviral GpppA(C) 5 substrate was used in the DENV-2 study. We recently found that distinct RNA elements are required for flavivirus RNA cap methylation events (7a); the cross activities of cap methylation between DENV-1 and YFV MTases and WNV RNA could result from the conserved 5Ј terminal nucleotides and the RNA structure shared by the flaviviruses (4). The physical linkage of the MTase to the RdRp domain in a single NS5 protein, together with the selective recognition between the MTase domain and the 5Ј terminus of viral RNA, could confer specificity for viral cap methylation during flavivirus RNA synthesis. Similarly, the L protein from viruses in the order Mononegavirales also contains functionally discrete cap-MTase and RdRp domains (8, 14, 29) ; capping of cellular mRNAs is achieved through direct binding of the cellular capping apparatus to the RNA polymerase II elongation complex (6, 25, 43) .
Our biochemical analysis suggests that flavivirus MTase methylates the RNA cap at both the N-7 and 2Ј-O positions, in the order GpppA 3 m 7 GpppA 3 m 7 GpppAm (Fig. 2E) . The chemistry of the ribose 2Ј-O methylation is distinct from that of the guanine N-7 methylation (10, 18) . For N-7 methylation, the structure of Ecm1 N-7 MTase suggests an in-line mechanism: no direct contact is observed between the enzyme and either the attacking nucleophile N-7 atom of guanine, the methyl carbon of SAM, or the leaving group sulfur of SAH. Instead, the catalysis is achieved through the close proximity and geometry of the two substrates (10) . In contrast, for 2Ј-O methylation, structural and mutagenesis studies of VP39 and RrmJ 2Ј-O MTase suggest an S N 2 reaction of methyl transfer: the conserved K-D-K-E tetrad mediates deprotonation of the target 2Ј-OH, which nucleophilically attacks the methyl moiety of SAM to accomplish the methyl transfer (17, 18) . In this study, we show that flavivirus WNV and DENV-2 MTases exhibit a similar structure, with a core fold shared by many SAM-dependent MTases (11) . Although flavivirus MTase catalyzes two distinct methylation reactions, only a single SAH-binding pocket was found in the MTase structure (Fig. 1) . In addition, one clustered and positively charged surface, which presumably accounts for the binding of the negatively charged phosphate backbone of the RNA substrates, was found to be adjacent to the single SAM-binding site (Fig. 1) . These results suggest that SAM, located in the same binding pocket for SAH, donates methyl groups to both the N-7 and 2Ј-O positions during flavivirus RNA cap methylations. However, since the two reactions have different methyl acceptors that are located at different positions, the 5Ј terminus of RNA must be repositioned during the two methylations. In line with the flavivirus MTases, the N-7 and 2Ј-O MTases of vesicular stomatitis virus were recently suggested to share a single SAMbinding site (22) .
We hypothesize that the flavivirus MTases bind the RNA substrates in different positions to carry out two distinct methyl transfer reactions. During flavivirus cap methylation, the guanine N-7 would first be positioned in proximity to the methyl group of SAM, to generate m 7 GpppA-RNA (Fig. 8) . Structure superposition of the WNV and DENV-2 MTases onto the Ecm1 N-7 MTase-substrate complex (10) did not show any steric hindrance between the guanosine cap analogue and the WNV and DENV-2 MTases (data not shown), providing structural feasibility. Our mutagenesis results indicate that K 61 , D 146 , and E 218 , but not K 182 , within the conserved K-D-K-E tetrad likely contribute to the binding of the cap structure, to modulate the N-7 methylation (Fig. 4C ).
Once the guanine N-7 has been methylated, the 5Ј terminus of m 7 GpppA-RNA is repositioned. The m 7 Gppp moiety moves into a GTP-binding pocket (Fig. 8) , as previously described for the DENV-2 MTase (9). Residues involved in binding of the m 7 Gppp moiety are superimposable between the DENV-2 and WNV MTase structures: the guanine base stacks against the aromatic ring of F 24 , the ribose 2Ј-OH forms hydrogen bonds with the side chains of K 13 and N 17 , the ribose 3Ј-OH interacts with K 13 , and the ␣-phosphate forms hydrogen bonds with R 28 and S 150 . The binding of the m 7 Gppp moiety precisely repositions the ribose 2Ј-OH of the first transcribed adenosine in close proximity to SAM. Our mutagenesis experiments showed that any alteration to the K 61 -D 146 -K 182 -E 218 tetrad completely abolishes 2Ј-O methylation (Fig. 4B) , suggesting that the tetrad forms the active site of 2Ј-O MTase through a S N 2 methyl transfer mechanism. The latter conclusion is further supported by the observation that the optimal pH for 2Ј-O methylation is at pH 10 (Fig. 3A) . Structural alignment with the VP39 2Ј-O MTase suggests that K 182 within the WNV tetrad directly participates in the deprotonation of ribose 2Ј-OH (Fig. 4A) . Since the pKa of Lys is at pH 10, a high pH would facilitate the deprotonation of K 182 , which would in turn favor the deprotonation of the 2Ј-OH, leading to efficient 
